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I. INTRODUCTION

In a previous report! an expression for the shear band shear velocity in
a shock loaded homogeneous di-constituent explosive was derived and used with
the Frey shear band theory of explosive initiation to calculate values of

P2T for explosives, where P is the pressure to which the explosive is shock
loaded and T is the temporal duration of the applied pressure. In that

treatment, the origin of the P2T condition as such was not derived. The
approach used a computer code developed by R. Frey? (Explosive Effects Branch,
Terminal Ballistics Division, Ballistic Research Laboratory) to solve the
problem of heat evolution and exchange during the growth of shear bands. In
the present paper, approximate expressions are obtained for the development
of the shear bands which are used to obtain a closed form expression for the

P2T criterion. Such an expression, though approximate, has great utility in
exhibiting the important parameters that determine the sensitivity of an ex-
plosive in terms of the physical and thermodynamic properties of that explosive.

The P2T criterion for the onset of detonation was first proposed by Walker

and Wasley? The criterion has been extensively studied and supported by ex-
perimental datat”® The criterion is essentially equivalent to the critical
total energy fluence € (since € = put; u being the particle velocity, and

P = PuV, P, being the ambient explosive density, we obtain € = pzt/pov;
PV is nearly constant for pressures of interest). An understanding of the
processes by which initiation of detonation occurs requires an understanding

of the P2T mechanism.
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9. H. Walker, "Computer Model of Shield Design for Artillery Shell Fratricide
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A number of studies!071% have sought to derive or calculate values for the

PZT criterion, but none has provided a strictly physical theory free of ad
hoc assumptions as to the origin and distribution of initiation sites, "hot
spots,' or the assumed initiation temperature distribution behind the shock
front. The necessity of the "hot spot' concept of Bowden!® and Eyring!®
comes from the fact that,under shock initiation conditions, the bulk tempera-
ture of the explosive produced by adiabatic compression is generally much
too low to ignite the explosive. Bowden and Yoffee!® deyveloped the theory
of adiabatic compression of air cavities in the explosive as the source of
the hot spots. (See also the work of Starkenberg!’) Mader'® has suggested
void closure in the explosive as the mechanism for hot spot formation and
Seeley!? has suggested jetting during void closure. Delpuech, et al,z0 have
proposed shock induced free radical formation as the mechanism underlying
hot spot formation. Nevertheless, these mechanisms have not been tied toa

PZT criterion. The shear band mechanism proposed by Frey? however, has

been used to calculate! the critical value of PZT for Composition-B. It is
therefore important to tie the shear band mechanism for hot spot formation

directly to the condition that the critical value of PZT for an explosive is
a constant,

185ce References 3, 6, 8.
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II. WORK DONE BY SHEAR FORCES

The work W per unit volume done in shearing is given by the general
expression

dw = ZZ 05 d €] (1)
1 )

where Oij is the shear stress in the plane normal to the X; - axis directed
along the xj - axis of a Cartesian coordinate system, and Eij is the corre-

sponding strain. If we have shears only on surfaces normal to the y - axis,
directed only in the z direction, with the corresponding strains, we can write
simply

dW=0_de (2)

The shear stress for a viscoplastic material for such a flow is

dv

74
= UMy e 3
0yz H dy * 0s (3)

where v is the shear velocity in the direction of the z - axis varying in the

y direction. The strength of the material is given by Ogs while p is the

viscosity. The development of the shear bands takes place in essentially two
stages: (1)initial development of shear failure planes and (2) viscous heating of
the shear layers. In the first stage, the material undergoes elastic deformation
up to shear failure, so that the viscosity term in Equation (3) plays no role;
and in the second stage the shear strength drops to zero:

c_=o0 (4)

During stage two, the principal heating phase, we can re-express Equation
(3) as

déz
_ _ . 8(dz/dt) _ . 8y
B S udv /dy = u %y V3¢ (5)
or writing Eyz for 8z/8y and rearranging
1
de. == g__dt (6)
yz W yz



Therefore, we can substitute for deyz in Equation (2) to obtain, on integrating

1 2
W== 7
y u/cyz dt (7)

IITI. THE SHEAR VELOCITY IN DI-CONSTITUENT EXPLOSIVES

Walker! has given an expression for the shear velocity in an explosive
consisting of two materials. For a matrix material having density Py and sound

velocity uy containing grains with density Py and sound velocity u,, a shock
pressure p gives rise to particle velocities vy and v, satisfying
P =P1f Yy TP ¥y Vs (8)

Therefore, the shear velocity Vs the difference between vy and v, is

Py - Py
v =pl—=—2 - -
s oo (9)
P1%HPo%2

As shown in Figure 1, the shear velocity initially causes a strain to

develop in the matrix material. (A similar process occurs in the grains.) Where
2n is the number of shear bands in the spacing of 2D between grains in the
explosive mixture, at a time t the strain néd (as shown in Figure 1) will be

néd = v_t (10)

and also the number of bands between the wall and center between grains is
given in terms of the average band spacing d by

n = D/d (11)

When the strain 8d/d reaches a critical distortion angle Om

3

ax

8d/d = © (12)
max
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shears develop in the material. As shears begin to develop, however, stress
relief waves propagate from these incipient shears into the surrounding material.
This means that the next nearest shear will be located on the average a distance
u.t away. Since this distance is also d we have

1
ut = d | (13)
so that solving we have
d=o  Du/v (14)
¢ can be re-expressed in terms of Poisson's ratio v, the ultimate shear

max
strength Ol e and the Young's elastic modulus E by

emax = 2(1 + v) omaX/E (15)

The width of the band when Os —> 0 can be calculated in terms of the heat

made available by the formation of these shears during the time t in which the

shear panding structure forms. Thus, using energy conservation to determine
the thickness of the layer heated, we write,

= 16)
XP1Q6 = Opax Vp t (

where Qf is the latent heat of fusion and V., the shear velocity for a single

b,
band, is given by

vy = v/n (17)
Thus, we obtain for Xy
o] C) D
_ _Mmax "max (18)

X
b nop, Qf
or, substituting from Equation (15),

nx, = 2 (1+v)DcmaX2/p1QfE -

10



From Equations (9) and (19) we can obtain the average velocity gradient across
the shear:
: p,U pyu
dv 7 ) pleE 272 - 171

Z
Iy = nx - P
Y b 2(1+v)D0max2 PR us (20)

This expression can then be used to obtain Gyz from Equation (3) where Equa-
tion (4) holds.

IV. THE P2T CONDITION

Substituting from Equation (20) into Equation (3) with 9 set to zero,

we have
Py QgE Potis = Pyt

=p
yz 2(1+v)D0max2 B2 (21)

Substituting this expression for Gyz into Equation (7) gives
2
P1Q¢E PRup - Py 2
2 p,u,p,U BRdE (22)
2(1+v)Dbo 1515272
max

W=y

where the constants (or slowly varying parameters) have been factored from
under the integral.

The energy W (per unit volume) goes into heating the material in the
shear band. Where ATig is the temperature rise above the melt temperature

required to bring the matrix to the "jgnition temperature,' we can express the
critical value for W by

= p1C AT, (23)

where Cv is the specific heat of the matrix material. Strictly speaking, there

is no specific ignition temperature. Instead, there exists a relationship,
the Arrhenius equation, relating rate of heat evolution to the temperature of
the explosive. However, for the shock loading times of major interest, i.e.,
in the range of 1-100 us, the dependence of Tig on the shock loading time

varies slowly. Heat evolution rises exponentially with temperature, which in
turn further elevates the explosive temperature; as a result, the initial
temperature necessary to produce complete combustion within the shear band in
a time of 1us will differ very little from that required for complete combus-
tion in 100 us.For this reason we can ignore the dependence of Tig on shock

loading time in order to retain a closed form expression for wcrit' Defining

Qh as the P2 time integral for the shear band heating phase, we have from

Equations (22) and (23):

11



C AT, 2(1+v)Do___ 2
Q, ® / prar = L 18 OV P1°1P2% (24)
oM 5
1 QE B2 ™

Equation (24) provides an approximate expression for the P2T criterion in terms
of the physical and thermodynamic properties of an explosive under the conditions
of matrix initiation. A corresponding expression for grain initiation may be

given in which D and Oax 2T€ calculated for grain shearing. The P2T criterion

is given by the expression in Equation (24) if the matrix goes into shear before
the grains, as in Composition-B. If the grains shear with the matrix deforming,
the quantities Pysly will be for the matrix and all other quantities for the
grains.

1.29 x 10° J/Kg®K

Matrix (TNT) C

AT, = Ty, - Tme1t=7200C
o, = 1.63x10° Kg/m>
u = 2.08 x 10° /s

2 B 38,5 L0f Kg/ms
v = 0.3

For Composition-B we have the values:

=8 o T O™

o] =7.0x 107 Pa
max

Qf = 8.96 x 104JKg
E  =5.4x10° Pa

G (£DX) o, =1.8x 10° Kg/m>
u, = 2.65 x 103m/s
These values yield
Q, = 9.8 x 1012 pa2s . (25)

In addition to the frictional heating in the shear bands, once ignition
of the explosive at these hot spots has occurred, combustion must continue if
a detonative shock pressure is to form. If a marefaction wave arrives too
early, in the process, the rate of heat evolution will drop and cooling or
mechanical dispersal of the explosive can extinguish the ignition process.
Therefore, if the burn is to be maintained, the externally applied shock
pressure must be maintained until this external source of pressure is re-
placed by internal sources. The internal sources, of course, must be the
hot sgots which generate pressure by combustion. We require that the ex-
ternally applied pressure p be maintained for a time tb sufficiently long that,
“*See Appendix A.

12



if at the end of this time the external pressure is relieved, the internal
pressure will just match that loss of pressure. (Note that this internal pres-
sure will not lead to mechanical disruption of the explosive until a relief
wave can arrive from the explosive surface.) Since we are concerned with
compact explosives here, the energy density is equal to the pressure generated.
Thus, to produce a pressure p from the combustion of an explosive having a
"bomb" pressure (bomb at full density) p*, a fraction p/p* must be burned.
Where Ub is the burn velocity and d the distance between shear bands, we

require

p/p* = U t./(1/2 d) (26)

Thus, the total P2T value of the critical condition for explosive initiation
will be

Qot = &4 * (27

where Qb is given by
- 2 = 3 *
Of course, the burn velocity Ub is itself a function of the pressure.

Kondrikov, Raikova, and Samsonof?? give

_ Y
U, = PBp (29)

where p is the explosive density, p the pressure, B and V are constants with

values B=0.0219g/cm25 atmv(20—100 Atm), = 0.0094g/cm25 atmv(100-450 Atm) ;
vV = 0.77 (20-100 Atm), = 0.95 (100-450 Atm). We obtain p* for TNT using

the TIGER computer code?® giving p* = 9.67 x 10° Pa. At 10 kbar,

(2.03 x 108Pa), Ub = 0.21 m/s so that Qb =2.79 x 1011 Pazs. Since Ub is

approximately proportional to pressure, Qb varies quadratically with the
pressure. Thus, Qb will not be as important as Qh until we reach shock

pressures of more than 6.75 x 109 Pa (67 kbar). This latter value is only

approximate since this pressure lies outside the range for which values of .
Ub are accurate. The critical P2T value obtained experimentally is 4.41 x 10™~

2 . : . .
Pazs. Thus, the theoretical value, Qtot’ for the P'T criterion as given in

Equation (25) is reasonably good.

22

B. N. Kondrikov, V. M. Raikova, and B. S. Samsonof, Fizika Goreniya i
Varyva, 2_#1, 84-90 (1973).

M. Cowperthwaite and W. H. Zwisler, TIGER Computer Program, SRI Inter-
national Publication No. 2106, SRI International, 333 Ravenswood Ave,

Menlo Pk, CA 94025.
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V. CONCLUSIONS

We have obtained an approximate closed form expression for the P2T cri-
terion for explosive initiation based on the shear band theory of explosive
ignition. While the resulting expression depends on quantities that are only
poorly known in many cases, the equation exhibits explicitly the factors con-
trolling explosive sensitivity. The resulting equation shows a dependence of

the P2t criterion on particle size for fixed mass fractions of the constituents,
and for fixed particle size, shows P2T increases as the portion of matrix

(INT in Comp B) in increased. The P2T criterion equation obtained here
exhibits explicitly the important parameters determining the sensitivity of
an explosive in terms of its physical and thermodynamic properties.

14
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APPENDIX A
CALCULATION OF AVERAGE GRAIN SIZE OF RDX IN COMPOSITION-B
The value of D, the average grain diameter used in Equation (25) was obtained
from data for the composition-B shown in Figure 2 of Reference 1. The data are
given in Table Al.

TABLE Al

Percent of RDX having Grain Sizes in the Indicated Size Ranges

Percent RDX (%) Size Range (um)
2.0 > 900
9.8 > 350
35.3 > 200
39.7 > 100
13.2 < 100

To use these data to -obtain D, we must make an assumption as to the packing of
the grains and their shape. We assume the grains to be spherical and equally
spaced in a close packed hexagonal arrangement. This does not mean that the
grains are in contact but that each grain of radius r, at the center of a
sphere of radius R, which we can treat as pseudograins in contact with each
other in the close packed hexagonal arrangement. The volume of a grain is

Vo=t d (A1)
grain 3 g
The volume of a pseudograin is
= 4. g8 A2
Vpseudo AR (A2)

and the quantities R,rg, and D are related by

D=R-r (A3)

The volume of a cell containing one pseudograin for the close packed hexagonal
arrangement (boundaries of the cell are defined by the tangent planes at the
points of contact between spheres) is

. 3 (A4)
U o 0l [2 R

19



Therefore, g is given by

g=V__. JV =rr 33 g RI
grain’ "cell g / R (AS)

For the mass fraction, we note that the masses of the grain, M

grain
M ., are given in terms of the respective densities, p ._and p -
matrix grain matrix
M = gl ™ _ T g
grain = 3 "Pg g (A6)
and
3
= 3
Mpatrix = Pmatrix [4 vz R - %— L ] (A7)
With the mass fraction of the grain material being g, We have
LA
= g g
En = - 3 3 %)
V2 . 5
3 Pmatrix RO+ (%grain pmatrix) Vg
From the data in Table Al we can obtain the weighted value of r : 2:
1 grain
3 2
= =23%.rg Tg = (5.65 x 10_5m) 2
. - (A9)

B
2:w. b3
3 ok :
where the term 1/rg represents the grain weights, wo their percentages and
rﬁ is used since we seek the value of D2 for use in Equation (24). Where
3 _ 3 .

g, = 0.6, pgrain = 1.80 g/cm™, and Pratrix - 1.63 g/cm™, Equations (A8) and
(A3) can be solved to obtain

D=4.94 x 10”6 (A10)

which was rounded off to 5 x 10_6m for use in Equation (24).
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